to A 1 adenosine receptors, enhances the respiratory rhythm (0.5-2 mM), or isobutylmethylxantine (IBMX, 30-90 mM) reinin cats even during normoxia, revealing tonic activation of forced the rhythm, whereas NaF (100-800 mM) depressed it. The open probability of single K ATP channels in cell-attached patches A 1 receptors (Schmidt et al. 1995) . Activation of A 1 adenodecreased after application of forskolin and increased in the pres-sine receptors and hypoxia produces similar depression of ence of NaF. [cAMP] i elevation reversed the effects of A 1 receptors synaptic interactions. Because extracellular levels of adenoboth on the respiratory rhythm and K ATP channels. A 1 receptors sine are increased during prolonged hypoxia (Lutz 1992; and [cAMP] i modified the hypoxic respiratory response. In the Nagel et al. 1993) , it was suggested that adenosine receptors presence of A 1 agonists the duration of hypoxic augmentation contribute to the failure of synaptic interaction observed durshortened, and depression of the respiratory rhythm occurred ear-ing hypoxia (Richter et al. 1991) . A 1 receptor antagonists, lier. Elevation of [cAMP] i prolonged augmentation and delayed such as theophylline (Eldridge et al. 1985) and DPCPX the development of the depression. We conclude that A 1 adenosine (Schmidt et al. 1995) , delay such hypoxic depression of receptors modulate the respiratory rhythm via inhibition of intracelrespiratory activity. lular cAMP production and concomitant activation of K ATP channels.
The aim of the present study was to investigate the mechanisms of the adenosinergic modulation of respiratory neurons in vitro and their possible involvement in the hypoxic I N T R O D U C T I O N reactions of the respiratory network. The use of isolated Adenosine is an ubiquitous neuromodulator that acts respiratory center (Smith et al. 1991 ) allowed us to study through specific membrane receptors: A 1 , A 2 (further subdi-the influence of adenosine on the function of the respiratory vided into high-affinity A 2a and low-affinity A 2b types) and network that is not contaminated by indirect effects originat-A 3 receptors (Fredholm 1995; Olsson and Pearson 1990) . ing from failure of cardiovascular functions, and hence brain All these receptors are coupled to G-proteins, which can stem metabolic supplies, or from peripheral and central cheinhibit or stimulate adenylyl cyclase. Resulting changes in moreceptors. Based on the current knowledge about the acintracellular cAMP levels can cause up-or down-regulation tion of adenosine in the CNS, the study was focused on of various ion channels (Gerber and Gähwiler 1994; Kuroda spontaneous synaptic currents and K / channels in inspiraet al. 1976 ). Modulation of ion channels can be also directly tory neurons. It was found that adenosinergic effects on the accomplished by b,g subunits of G-proteins via membrane-respiratory rhythm could be mimicked by activation of A 1 delimited pathways (Dolphin et al. 1986; Olsson and Pear-receptors The latter was determined as a maximal number of simultaneous ( 95% O 2 -5% CO 2 ) . Following a transverse cut of the neuroaxis openings seen during a given measurement. These estimates of the at the level of the inferior colliculus, the cerebellum was removed. The isolated brain stem was glued with cyano-acrylate number of active channels were also confirmed by binomial analyon an agar block with its rostral end directed upwards. Brain sis. They, however, may not correspond to the total number of stem slicing was started from the rostral end with the neuroaxis channels present in the patch because there were also ''sleepy'' inclined by 20Њ to the plane of the blade. Such configuration channels that could be activated by diazoxide (Fig. 5) . kept most transverse projections from pre-Bö tzinger complex
The properties of K ATP channels in inspiratory neurons were ( preBö tC ) to the XII nucleus and their axons to XII rootlets described previously (Mironov et al. 1998) . In the present study intact ( Ramirez et al. 1996 ) . On sectioning the brain stem, the the channels were identified by their conductance, gating pattern, caudal end of the aquaeduct was reached. Thereafter slices were and pharmacology. The channels were chosen for analysis if they cut 100 -200 mm thick until cytoarchitectonic landmarks such had conductance of Ç75 pS, and they could be activated by hypas inferior olive , nucleus of the solitary tract , hypoglossal nu-oxia. When these requirements were fulfilled, A 1 agonists/antagocleus and nucleus ambiguus were visible while the facial nucleus nists and/or [cAMP] i -modulating agents were applied. For the disappeared, indicating that the rostral boundary of the preBö tC pharmacological tests, diazoxide and glibenclamide were used. The was reached. The next cut was made 650 -750 mm thick to obtain ATP-sensitivity of 75 pS-channels was verified in nine inside-out one slice containing the functional respiratory center. This slice patches as described previously (Mironov et al. 1998) . Briefly, in was transferred into the recording chamber, put onto the nylon the end of the experiment the cell-attached patch was excised from mesh and fixed with a horseshoe-shaped holder, and the XII the cell. To compare the measurements of K ATP channels in insiderootlet was drawn into a suction electrode. The concentration out and in cell-attached patches, K / concentration in a bath was of extracellular K / in ACSF saturated with carbogen at 29ЊC raised to 133 mM by replacing NaCl. This produced symmetric was elevated to 8 -10 mM within 30 -60 min to activate the K / distribution and zeroed a K / reversal potential. Addition of respiratory network ( Smith et al. 1991 ) . Under such conditions submillimolar ATP inhibited K ATP channels (Fig. 9B) . However, regular rhythmic activity that was stable up to 14 h was estab-because of channel run-down in inside-out patches (Mironov et al. lished. 1998) , the reversibility of ATP block could not be established. In whole cell measurements, series resistance (R s ), input resis-
Electrophysiological recordings
tance (R m ), and whole cell capacitance were measured with the use of a 10 mV command depolarization. R s was 13.4 { 1.5 MV. Activity from XII rootlets was recorded with suction elec-The mean input resistance was 390 { 42 MV, and the mean capacitrodes, amplified 5,000 -10,000 times, band-pass ( 0.25 -1.5 tance was 32 { 2 pF. The resting potentials of inspiratory neurons kHz ) filtered, rectified, and integrated ( Paynter filter with a time measured in current-clamp and using an intracellular solution conconstant of 50 -100 ms ) . Hypoglossal activity was taken as taining K / -gluconate ranged from 052 to 068 mV (mean 060 { index of the central respiratory rhythm ( Smith et al. 1991 ) . 4 mV, n Å 21). For cell-attached recordings, we therefore assumed Intracellular recordings were obtained from preBö tC inspiratory that the average membrane potential was 060 mV. neurons using patch electrodes manufactured from borosilicate
In the experiments in which hypoxia was tested, the oxygen glass with filament ( GC150F, Clark Instruments, UK ) . They tissue pressure was measured with the use of oxygen-sensitive had tip openings of 1.5 -2 mm and resistances of 2 -4 MV.
electrodes (tip diam 10-20 mm) that were connected to a chemical Intracellular signals were amplified with a patch-clamp amplifier microsensor meter (Diamond Electro-Tech, Ann Arbor, MI). Be-EPC-7 ( ESF Friedland, Germany ) . Membrane currents were fore measurements were taken, the PO 2 -sensitive electrode was filtered at 3 kHz ( 03 dB ) , digitized at 5 kHz, and stored for calibrated in the perfusion chamber with the use of two artificial analysis with the use of an IBM-compatible PC. Data analysis cerebrospinal fluid (ACSF) solutions saturated with carbogen or was performed with the use of home-written programs in Turboa gas mixture containing 95% N 2 -5% CO 2 and 1 mM Na 2 S 2 O 3 to Pascal 7.0. Data are presented as means { SE. Statistical sigdetermine a zero oxygen level. The oxygen-sensitive electrode was nificance was determined by using Student's t-tests. Results placed about 100 mm below the slice surface, within a layer (100 { were considered significant if P õ 0.05. 25 mm), where most inspiratory neurons were measured. To preRespiratory neurons were searched in the area attributed to the vent loss of dissolved gases, the perfusing solution was delivered preBötC (Smith et al. 1991) . A ''blind patching'' technique (Blanthrough stainless steel tubing. To produce hypoxic conditions in ton et al. 1989) was used, and inspiratory neurons were identified the slice, the bubbling gas mixture was changed from carbogen to by their discharge patterns, showing correlation of spontaneous 95% N 2 -5% CO 2 . Fifteen to 20 s after onset of hypoxia, mean PO 2 action potentials with inspiratory output of hypoglossal nerve. In changed from 200 { 50 to 5 { 3 mmHg (n Å 31). The responses about 80% of trials, gentle sucking led to formation of a gigaseal to hypoxia were readily reproducible and could be performed 20-with a resistance of 3-12 GV [mean 6 { 2 (SE) GV, n Å 127].
30 times for a given slice with a complete restoration of respiratory Thereafter the spikes became larger and were seen as large deflecrhyhmic activity, even when O 2 pressure had been reduced for 20-tions in the cell-attached mode (Fig. 1) . After rupturing the patch, the whole cell configuration was obtained, and the discharges were 30 min. Adenosine was applied at the beginning of the trace. Note correlation of spike discharges in the inspiratory neuron (sharp, vertical deflections) with the inspiratory bursts in hypoglossal nerve. Adenosine inhibited both spike discharges and the inspiratory XII bursts, and in parallel, the channel activity increased. Bottom: representative traces of activity of single K ATP channels measured in the presence of adenosine at times indicated.
piratory rhythm (Fig. 2, first trace) . In the presence of Solutions and drugs CCPA, the mean interval between hypoglossal inspiratory ACSF contained (in mM) 128 NaCl, 3 KCl, 1.5 CaCl 2 , 1.0 bursts was 7.0 { 0.4 s (0.3 mM, N Å 7), 11.2 { 0.8 s (0.9 MgSO 4 , 21 NaHCO 3 , 0.5 NaH 2 PO 4 , and 30 D-glucose (pH 7.4 mM, N Å 8), 16.1 { 0.8 s (2 mM, N Å 7), and 31.2 { 1.7 was adjusted with NaOH). Solutions with elevated K / (8-10 s (4 mM, N Å 9), respectively, compared with the control mM) were obtained by replacing NaCl with KCl. The pipette solu-value of 5.1 { 0.3 s (N Å 21). In the presence of CCPA tion for cell-attached recordings contained (in mM) 125 KCl, 15 the amplitude of respiratory bursts decreased to 91 { 2 (0.3 NaCl, 2 MgCl 2 , 2 ATP, 10 N-2-hydroxyethylpiperazine-N-2-eth-mM), 51 { 6 (0.9 mM), 11 { 3 (2 mM), and 3 { 1% (4 anesulfonic acid (HEPES), 1 CaCl 2 , 3 1,2-bis-(2-aminophenoxy)-mM) of control. The respiratory bursts were augmented by A 1 receptors 7.4 with KOH and osmolarity to 285-290 mOsm. For intracellular recordings, KCl was replaced by K / gluconate. All salts used for antagonist, DPCPX. This likely reveals a tonic inhibition of extra-and intracellular solutions were from Sigma (Deisenhofen, respiratory activity by endogenous adenosine. In the presGermany). Adenosine agonists and antagonists, forskolin, IBMX, ence of 1 mM DPCPX, the interval between inspiratory and 8-Br-cAMP were obtained from Research Biochemical Inter-bursts decreased from 6.5 { 0.5 s to 3.5 { 0.3 s, and their national (Cologne, Germany).
amplitude increased to 145 { 8% of control (n Å 11). In The bath solution was recycled into a 200 ml reservoir equili-the presence of DPCPX, submicromolar concentrations of brated with carbogen. All drugs were added from corresponding CCPA were no longer effective, and only at concentrations stock solutions, which were prepared freshly in ACSF or dimethyl ú10 mM the rhythm was suppressed again (n Å 4, One to two minutes after the application of adenosine (50-600 mM) to the bath, both the amplitude and the frequency of the hypoglossal rhythm decreased (Fig. 1) . Under control conditions, the mean interval between XII inspiratory bursts was 5.0 { 0.4 s (N Å 26). In the presence of adenosine, it increased to 7.2 { 0.4 s (50 mM, N Å 7), 12.1 { 0.6 s (200 mM, N Å 8), and 18.2 { 0.7 s (500 mM, N Å 11), respectively. Here and below, N and n correspond to the number of slices and inspiratory neurons examined, respectively.
To identify the type of receptor responsible for this action, we applied the pharmacological agents, which act on specific CCPA enhanced the activity of the channels, which was additionally increased by hypoxia (Fig. 4) . CCPA (1 mM) increased p open from 0.13 { 0.07 to 0.28 { 0.09 and hypoxia increased it further to 0.42 { 0.12 (n Å 11). Addition of adenosine to the bath was no longer effective after CCPA was applied (n Å 4, data not shown), which was likely of the membrane current (I m ) and the hypoglossal (XII) nerve activity were recorded after addition of 1 mM CCPA. Note the increase in holding current.
As Fig. 4 shows, in the presence of CCPA and during The whole cell recordings were made at holding potential of 040 mV with hypoxia the channel conductance (75 pS for this patch) did the use of intracellular solution contained K / gluconate. Spontaneous IPSCs and EPSCs are seen as brief upward and downward deflections from the baseline. Bottom: expanded portions of the currents trace ( top, *). the inhibitory action of adenosine even when applied at concentrations up to 10 mM (both at n Å 6, data not shown).
Changes in spontaneous synaptic currents induced by activation of A 1 receptors
In whole cell mode inspiratory neurons revealed spontaneous inhibitory (sIPSC) and excitatory (sEPSC) postsynaptic currents. They had different voltage-dependency: sEPSCs (and synaptic drives, see below) reversed at 0 { 3 mV and sIPSCs changed sign at 059 { 5 mV (n Å 23). Thus at a holding potential of 040 mV, spontaneous IPSCs and EPSCs could be observed as brief upward and downward deflections from the baseline (Fig. 3) . In inspiratory neurons, sEPSCs are assembled into synaptic drive currents (SDCs), which correlate with inspiratory bursts recorded from XII nerve (Fig. 3 ). sIPSCs were generated by both GABA A -and glycine-receptors, as they were inhibited by 10 mM bicuculline and 1 mM strychnine. Either antagonist produced only a partial blockade, however, and only their combined application led to a complete inhibition of sIPSCs (n Å 13, data not shown). CNQX (4 mM) abolished both sEPSCs and SDCs, indicating that they were generated by AMPA/kai- not change. Its mean value was 75 { 5 pS (n Å 34). There-Adenosine and intracellular cAMP fore changes in channel activity must involve modification
As mentioned in the INTRODUCTION, adenosine actions can of the gating mechanism. Because of the presence of several be mediated by intracellular cAMP. It was found that all channels in cell-attached patches, only the open times could modulations of intracellular cAMP concentration altered the be quantified. Their distribution was monoexponential (Mir-respiratory rhythm (Fig. 6A). [cAMP] i increase induced onov et al. 1998). CCPA and hypoxia did not change the by forskolin (0.5-2 mM), an activator of adenylyl cyclase, mean open time (Fig. 4) , therefore the observed effects in enhanced the amplitude of inspiratory XII bursts, their frep open stem from changes in the closed time distribution.
quency, and duration. Similar effects were observed after Bath application of specific activator of K ATP channels, application of IBMX (30-90 mM), an inhibitor of cAMPdiazoxide, increased the channel activity and recruited addi-phosphodiesterase, and with application of the membranetional (sleepy) channels (Fig. 5A ). Subsequent addition of permeable analog, 8-Br-cAMP (200-500 mM). NaF (100-200 mM adenosine to the bath further enhanced the activity 800 mM), which activates G i -proteins at submillimolar conof K ATP channels (Fig. 5B) . Diazoxide (20 mM) increased centrations (Blackmore et al. 1985) , decreased the frep open from 0.11 { 0.06 to 0.34 { 0.09 and adenosine (200 quency and amplitude of inspiratory bursts. Under control mM) raised it further to 0.44 { 0.12 (n Å 7). In the experi-conditions, the mean interval between inspiratory bursts was ment shown in Fig. 5C , 90 mM glibenclamide, a blocker of 5.0 { 0.4 s, and in the presence of cAMP-elevating agents, K ATP channels, inhibited the channel activity. Similar effects it decreased to 2.2 { 0.2 s after forskolin (N Å 26), to 2.1 { were observed for four other cells. For cells pretreated with 0.2 s after IBMX (N Å 17), to 2.4 { 0.3 s after 8-Br-cAMP diazoxide, the activity of K ATP channels could be further (N Å 7), or increased to 8.8 { 0.4 s after NaF (N Å 14). enhanced by 0.5-3 mM CCPA (n Å 8, data not shown). In In the presence of forskolin, synaptic drives and sPSCs were the presence of 1 mM CCPA, p open increased from 0.23 { potentiated (Fig. 6B) .
Next, we examined whether K ATP channels could be ma-0.05 to 0.38 { 0.09 (n Å 4). the channel activity (Fig. 7) . In the presence of 1 mM forpermeable cAMP-analogue.
skolin, p open decreased from 0.29 { 0.11 to 0.09 { 0.05 (n Å 11). The channels were further inhibited and finally blocked by glibenclamide (n Å 5; Fig. 7 ). NaF activated K ATP chan-concentrations that varied from 100 to 800 mM. Neither nels (Fig. 8) . Five minutes after NaF was applied to the channel conductance nor its voltage-dependence was afbath, action potential discharges disappeared and the activity fected. NaF increased p open from 0.07 { 0.04 to 0.31 { 0.11 of K ATP channels increased. These effects of NaF developed (n Å 11). slowly and did not show an apparent dependence on drug cAMP elevation reversed the effects caused by activation of A 1 receptors. After addition of 1 mM CCPA, the frequency of hypoglossal nerve discharge decreased (Fig. 9 A) and the activity of K ATP channels increased (Fig. 9B) , but application of permeable cAMP analogue, 8-Br-cAMP (250 mM), reversed these effects (N Å 4). Figure 9B also illustrates the inhibition of K ATP channels by ATP in an inside-out patch excised in the end of experiment.
In this study only the data obtained for inspiratory neurons are presented, but similar effects were observed in expiratory neurons (n Å 18). For these cells the analysis was difficult to perform because on-going discharge activity considerably masked the channel activity and distorted the current baseline.
Adenosine and hypoxic response
The response of the respiratory center to hypoxia was biphasic. It consisted of augmentation that started Ç1 min after the beginning of the hypoxic episode. An increase in frequency and amplitude of inspiratory bursts was transient FIG . 8 . Channel recordings obtained in a cell-attached patch show the effects of NaF. The channel activity was measured at different holding and was followed by depression when the rhythm disappotentials (near each trace) in control ( A) and 7 min after addition of 250 peared (Fig. 10) . Enhancement of the rate of inspiratory mM NaF (B) to the bath. A: recordings were obtained during the inspiratory bursts during early hypoxia was superimposed on a slowly phase as indicated by the presence of action potentials (vertical lines crossdeveloping DC-signal in integrated XII nerve discharge ( Fig. ing the baseline). The channel conductance was 74 pS. Note the disappearance of spikes after NaF has been applied. ADENOSINE, C AMP AND K ATP CHANNELS 253 delayed respiratory depression. CCPA restored the initial form of the hypoxic respiratory response. It should be noted that, at submicromolar concentrations (see Fig. 2 ), CCPA was no longer effective, and to change both the respiratory rhythm and its response to hypoxia in the presence of forskolin, the dose of CCPA had to be increased by about 70-fold (Fig. 10B, third trace; N Å 7) . Similar results were obtained with 10-50 mM IBMX (N Å 12, data not shown).
In the presence of drugs, specific to K ATP channels, both the XII nerve activity and its hypoxic reaction were modified. Diazoxide (20 mM) increased the interval between inspiratory bursts from 5.4 { 0.3 s to 8.0 { 0.4 s, and the duration of augmentation shortened from 112 { 18 s to 71 { 12 s (N Å 4). In the presence of 70 mM glibenclamide, the interval between inspiratory bursts decreased from 5.3 { 0.4 s to 4.0 { 0.4 s, and the duration of augmentation increased from 102 { 18 s to 174 { 32 s (N Å 5). The inability to glibenclamide to abolish respiratory depression could be explained by loss of sensitivity of K ATP channels to glibenclamide during hypoxia (Mukai et al. 1998; Venkatesh et al. 1991) and/or contribution of other factor(s) (Hochachka et al. 1996) to respiratory depression.
D I S C U S S I O N
Adenosine is a purinergic metabolite and a potent neuromodulator. Its various actions within the CNS were widely reviewed (Dunwiddie 1985; Fredholm 1995; Greene and Haas 1989; Meghji 1991; Olsson and Pearson 1990; von Lubitz et al. 1995) . Adenosine receptors are subdivided into four types, which differ by their affinity to adenosine, phar- and intracellular cAMP. Responses to hypoxia, which was applied at the macology, and coupling to intracellular signaling pathways beginning of each trace. Italic lettering: depicts schematically 2 phases of (Fredholm 1995; Olsson and Pearson 1990) . All of them hypoxia. After 4-5 min of each hypoxic episode, the slice recovered 10 activate G-proteins, one target of which is the adenylyl cymin in the presence of oxygen until the respiratory rhythm was restored clase, which is suppressed by A 1 receptors but is stimulated Role of A 1 receptors and cAMP in rhythmogenesis neurons (Haddad and Donnelly 1990; Mironov and Richter It was shown (Schmidt et al. 1995 ) that A 1 receptors are 1998; Mironov et al. 1998) .
functional in ventral respiratory neurons of the in vivo cat. The The hypoxic reaction was differentially changed by ago-present study extends these findings in demonstrating that in nists and antagonists of A 1 receptors (Fig. 10A ). In the neonatal mice A 1 receptors modulate the respiratory rhythm presence of CCPA, augmentation had a shorter duration and and its reaction to hypoxia. Elevation of [cAMP] i had opposite respiratory depression developed earlier ( Fig. 10A , second effects, and the respiratory activity was changed by agents that trace). The mean durations of augmentation were 122 { 21 alter intracellular cAMP levels either directly (8-Br-cAMP) s during control conditions and 61 { 32 s in the presence or indirectly (forskolin, IBMX, and NaF). The effects of all of 200 nM CCPA (N Å 6). In addition, the transient DC substances tested in the present study are consistent with their signal recorded from XII nerve was also diminished, possi-presumed action on cAMP-signaling pathway. Similar effects bly reflecting an A 1 receptor-mediated inhibition of hypo-of [cAMP] i on respiratory rhythm generation were observed glossal motoneurons. Addition of DPCPX restored and in brain stem-spinal cord preparation from newborn rats (Arata slightly potentated the initial hypoxic response (Fig. 10A, et al. 1993) . These findings also corroborate the results obthird trace; N Å 6). However, 1 mM DPCPX alone was tained in the cat in vivo by Lalley et al. (1997) , who denot able to prevent depression, although in its presence the mostrated modulation of discharge patterns of respiratory neuaugmentation was prolonged (191 { 31 s vs. 118 { 24 s, rons by protein kinase A. N Å 4).
The effects of forskolin on the respiratory response to A 1 receptors and [cAMP] i modulate K ATP channels hypoxia (Fig. 10B) were opposite to those observed after activation of A 1 receptors. In the presence of forskolin, the A 1 receptors activated K ATP channels and the elevation of intracellular cAMP diminished their activity. The properties augmentation started earlier and lasted longer, resulting in J118-8 / 9k30$$ja11
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